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(54) An analog-to-digrtal converter with correction of offset errors 



(57) An analog-to-digrtal converter (200) is pro- 
posed. The converter includes at least one stage (1 05) 
for converting an analog input signal into a digital output 
signal using a parallel quantizer (115) comparing the an- 
alog input signal with a plurality of threshold values in 
parallel; the converter of the invention further includes, 



for at least one selected stage (105), means (210,220) 
for estimating an analog correction signal indicative of 
the mean value of a quantization error of the selected 
stage, and means (440i) for at least partially compen- 
sating an offset error of the parallel quantizer (105) in 
the selected stage according to the analog correction 
signal: 
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Description 

[0001 ] The present invention relates to an Analog-To- 
Digital converter. 

[0002] Analog-To-Digital (ADC) converters are com- 
monly used in several applications (for example, in the 
telecommu nteation field), whenever an analog input sig- 
nal is to be converted into a corresponding digital output 
signal. The basic component of every converter is a 
quantizer. The quantizer compares an analog signal 
with one or more predefined threshold values; the com- 
bination of the results of the comparisons uniquely iden- 
tifies the digital representation of the analog signal. In 
order to achieve a high resolution of the whole converter, 
quantizers of the parallel type are commonly used; in 
this case, the analog signal is compared with multiple 
threshold values at the same time. 
[0003] However, the inherent imprecision of the tech- 
nologicai processes used to implement the converter 
brings about an error in each threshold value of the 
quantizer. The error has a common component (equal 
to the mean value of the errors in all the threshold val- 
ues) and a differential component (equal to the error in 
each threshold value minus the common component). 
The differential error causes a harmonic distortion in the 
resulting digital signal, which distortion jeopardizes the 
linearity of the whole converter; instead, the differential 
component introduces an offset in the digital signal. 
[0004] Many solutions are known in the art for reduc- 
ing the effects of the differential errors in the digital sig- 
nal. Conversely, the offset errors have been (wrongly) 
deemed not particularly deleterious forthe performance 
of the converter; therefore, the effects of the offset errors 
have not been investigated thoroughly. 
[0005] Particularly, some converters (such as the con- 
verters of the sigma-defta type) implement a feedback 
loop that compensates the offset errors to a certain ex- 
tent (without adversely affecting the accuracy of the con- 
verter). However, different remarks apply to converters 
having a multistage architecture. In this case, the con- 
verter includes a sequence of cascade-connected stag- 
es providing successive approximations of the digital 
output signal. For this purpose, each stage performs a 
low-resolution conversion; a residue of the correspond- 
ing analog signal, representing a quantization error of 
the conversion, is then amplified by an inter-stage gain 
and passed to a next stage in the sequence (so as to 
ensure that each stage operates with a similar input sig- 
nal range). 

[0006] As a consequence, the offset error in the quan- 
tizer of each stage (with the exception of the last one) 
affects the dynamic range of the analog signal that is 
input to the next stages; this change in the dynamic 
range can cause an overflow in the respective quantiz- 
ers. The problem is particular acute in the first stages of 
the converter (since the corresponding offset error is 
amplified by all the next stages). 
[0007] The only solution known in the art for solving 



the above-mentioned problem is to scale down the an- 
alog signal that is input to the next stages of the con- 
verter; this result is achieved reducing the correspond- 
ing inter-stage gain, and then the dynamic range of the 
5 analog signal. However, the proposed solution strongly 
reduces the actual resolution that can be achieved by 
the converter. 

[0008] This drawback is particular acute in applica- 
tions working with wide-band signals and requiring high 

10 resolutions (for example, in modem mobile telecommu- 
nication techniques such as the UMTS). In this case, a 
commonplace solution is that of using a sigma-delta, or 
delta-sigma, (ZA) architecture. 
[0009] In a sigma-delta converter, the analog input 

*5 signal is oversampled at a rate far higher than the one 
of the Nyquist theorem (i.e., twice the bandwidth of the 
signal); the oversampling spreads the quantization error 
power over a large band, so that its density in the band 
of the analog input signal is reduced; typical values of 

20 an OverSampling Rate (OSR) are from 32 to 64. The 
sigma-delta converter reacts to the changes in the an- 
alog input signal, thereby performing a delta modulation 
(from which the name "delta"). A corresponding analog 
delta signal is applied to one or more filters (through a 

25 feed-back loop). Each filter integrates the analog delta 
signal (from which the name "sigma"), and contours the 
quantization error so that its spectrum is not uniform; 
this process (known as noise shaping) pushes the quan- 
tization error power out of the band of the analog input 

30 signal. The resulting analog signal is quantized by 
means of a very low resolution ADC (typically, at 1 bit). 
The digital signal so generated is filtered, in orderto sup- 
press the out-of-band quantization error; at the same 
time, a decimator downsamples the digital signal ex- 

35 tracting higher resolution at a lower rate. This architec- 
ture provides good performance at very low cost. 
[0010] The number of filters in the sigma-delta con- 
verter defines the degree of noise-shaping (referred to 
as the order of the sigma-delta converter). Sigma-defta 

40 converters with a single-loop structure are typically de- 
signed with an order of one or two because of instability 
problems. Whenever a higher order is required, a mufti- 
stage architecture implementing two or more loops is 
commonly used. A multistage architecture including at 

45 least one sigma-defta converter, also known as MASH 
(MultistAge noise SHaping), is inherently stable; more- 
over, a MASH converter provides performance compa- 
rable to the one of a single-loop convert having an order 
equal to the sum of the orders of the different stages of 

so the MASH converter. 

[001 1 ] Additional problems arise with wide-band sig- 
nals. In this case, the sampling frequency of the analog 
input signal is limited by the technological restraints, so 
that the oversampling rate must be relatively low (for ex- 

55 ample, 4-8). Moreover, the use of sigma-delta convert- 
ers of high order is substantially useless, since the 
noise-shaping is unable to push the quantization error 
out of the (wide) band of interest. Therefore, the resolu- 
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tion of the quantizer included in every stage of the sig- 
ma-delta converter is the last parameter on which it is 
possible to act, in order to achieve the desired perform- 
ance (thereby introducing the offset errors described 
above). 5 
[0012] It is an object of the present invention to over- 
come the above-mentioned drawbacks. In order to 
achieve this object, a converter as set out in the first 
claim is proposed. 

[0013] Briefly, the present invention provides an ana- 
log-to-digital converter including at least one stage for 
converting an analog input signal into a digital output 
signal using a parallel quantizer comparing the analog 
input signal with a plurality of threshold values in paral- 
lel, wherein the converter further includes, for at least 
one selected stage, means for estimating an analog cor- 
rection signal indicative of the mean value of a quanti- 
zation error of the selected stage, and means for at least 
partially compensating an offset error of the parallel 
quantizer in the selected stage according to the analog 
correction signal. 

[0014] Moreover, a corresponding analog-to-digital 
conversion method is also encompassed. 
[001 5] Further features and the advantages of the so- 
lution according to the present invention will be made 
clear by the following description of a preferred embod- 
iment thereof, given purely by way of a non-restrictive 
indication, with reference to the attached figures, in 
which: 

Figure 1 is a schematic block diagram of a converter 
known in the art; 

Figure 2 shows a preferred embodiment of the con- 
verter according to the present invention; 
Figure 3 depicts the functional blocks of a logic 
module of the converter; and 
Figure 4 is a circuit scheme implementing a com- 
pensation of the offset error. 

[001 6] With reference in particular to Figure 1 , an An- 
alog-To-Digital (ADC) converter 1 00 is shown. The con- 
verter 100 receives a (continuos) wide-band analog in- 
put signal, denoted with X(z) in the z-transform domain; 
the analog input signal X(z) is oversampted at a relative- 
ly low OSR, such as 4 or 8. The analog input signal X 
(z) is converted into a corresponding digital output signal 
U(z), which consists of discrete samples taken at evenly 
spaced intervals. 

[0017] The converter 100 has a multistage architec- 
ture, with a plurality of cascade-connected stages. In the 
example shown in the figure, the converter 1 00 includes 
a first stage 105 consisting of a sigma-detta converter 
of the second order; the sigma-delta stage 105 is fol- 
lowed by a stage 110 of the pipeline type. The above- 
described structure defines a MASH architecture. A 
MASH converter is commonly designated adding, for 
each stage, a number denoting the order of the stage 
(the n umber is set to 0 for a stage that is not of the sigma- 



delta type); therefore, the converter 1 00 at issue will be 
denoted with MASH^. 

[0018] In detail, the sigma-delta stage 105 converts 
the analog input signal X(z) into a corresponding digital 
(local) output signal Y 2 (z) at 4 bits. For this purpose, the 
sigma-delta stage 105 exploits a flash ADC 115 with 
even resolution (i.e., discriminating 2*=16 levels of its 
analog input signal). The digital output signal Y 2 (z) rep- 
resents the analog input signal X(z) with the addition of 
a residue E 2 (z) introduced by the quantization error of 
the flash ADC 115 (in the following, the analog signals 
and the corresponding digital signals will be denoted 
with the same symbols for the sake of simplicity). More- 
over, the digital output signal Y 2 (z) includes an offset ofs 
introduced by the flash ADC 115. 
[0019] The digital output signal Y 2 (z) is applied to a 
DigitaKTb-Analog (DAC) converter 120. The DAC 120 
re-converts the digital output signal Y 2 (z) into a corre- 
sponding analog signal. An adder 125a subtracts the 
analog output signal Y 2 (z) from the analog input signal 
X(z). The resulting analog delta signal is provided to a 
filter 130a. The filter 130a integrates the analog delta 
signal and shapes the quantization error according to a 
transfer function H a (z) of the filter 1 30a. A further adder 
125b subtracts the analog output signal Y 2 (z) from the 
analog signal provided by the filter 130a. The resulting 
analog delta signal is applied to a further filter 130b, 
which performs an additional noise shaping process 
based on its transfer function H b (z). Therefore, the filter 
1 30b provides an analog signal V 2 (z) that is shaped ac- 
cording to the transfer functions H a (z) and H b (z); this 
analog shaped signal V 2 (z) is then supplied to the flash 
ADC 115, which delivers the digital output signal Y 2 (z). 
[0020] The sigma-delta stage 1 05 further includes an 
adder 1 40, which subtracts the analog shaped signal V 2 
(z) from the analog output signal Y 2 (z)=V 2 (z)+E 2 (z)+ofs. 
The resulting analog signal E^zJ+ofs is applied to an 
amplifier 145 having an analog inter-stage gain G=2 B . 
The analog signal generated by the amplifier 145 is then 
passed to the pipeline stage 1 1 0; in this way, the pipeline 
stage 1 1 0 operates with a similar input signal range (be- 
ing the dynamic of the analog residue E 2 (z) equal to X 
(Zy2B). 

[0021] The pipeline stage 110 includes multiple cas- 
cade-connected sub-stages 147; each sub-stage 147 
performs a low-resolution conversion (by means of a 
corresponding flash ADC) and provides an analog sig- 
nal, indicative of a quantization error of the conversion, 
to the next sub-stage 147. A shifter 148 combines the 
results of the conversions performed by the different 
sub-stages 1 47 into a digital output signal Y 0 (z). For ex- 
ample, the pipeline stage 1 1 0 includes 6 sub-stages 1 47 
each one having a flash ADC at 1 ,5 bit (i.e., discriminat- 
ing 3 levels of the corresponding analog input signal), 
so as to achieve a total resolution of the digital output 
signal Y 0 (z) equal to 1 ,5*6 = 9 bits. A digital filter (H d (z)) 
150 removes the effects of the shaping in the analog 
residue E 2 (z) from the digital output signal Y 0 (z). 
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[0022] The pipeline stage 110 (together with the dig- 
ital fitter 150) directly generates the 9 least significant 
bits (LSB) of the digital output signal U(z). The sigma- 
delta stage 105 provides the 7 more significant bits 
(MSB) of the digital output signal U(z); therefore, a shift- 
er 155 multiplies the output digital signal Y 2 (z), from the 
flash ADC 11 5, by a digital weight equal to 2?. An adder 
160 sums the digital signal from the filter 150 and the 
digital signal from the shifter 155, in order to combine 
them into the overall digital output signal U(z). 
[0023] The digital output signal U(z) is then downsam- 
pled by a decimator circuit (not shown in the figure). In 
this way, the decimator generates the desired number 
of bits (for example, 7) of the digital output signal U(z) 
and restores its correct sample rate. At the same time, 
the decimator filters the digital output signal U(z) in the 
band of interest so as to suppress the out-of-band quan- 
tization error. 

[0024] Considering now Figure 2, a converter 200 ac- 
cording to a preferred embodiment of the present inven- 
tion is shown (the elements corresponding to the ones 
shown in Rgure 1 are denoted with the same referenc- 
es, and their explanation is omitted for the sake of sim- 
plicity). 

[0025] The invention is based on the intuition that an 
estimation of the offset error of each flash ADC can be 
extracted from an analysis of the corresponding quan- 
tization error. In fact, the theoretical quantization error 
should have a mean value equal to zero and a substan- 
tially uniform distribution (between +LSB/2 and -LSB/2, 
wherein LSB is the quantization step of the flash ADC). 
The offset error is a constant value that is introduced in 
the same position as the quantization error, and then 
modifies its mean value. Therefore, in the proposed al- 
gorithm the actual mean value of the quantization error 
is estimated; the offset error of the flash ADC is then 
compensated accordingly. 

[0026] For this purpose, the digital signal Y 0 (z) output 
by the pipeline stage 110 is supplied to a logic module 
(EST) 210. As described in detail in the following, the 
logic module 210 calculates a digital correction signal 
crt (for example, at 5 bits) that approximates the analog 
offset ofs of the flash ADC 1 15. A servo-DAC 220 con- 
verts the digital correction signal crt into a corresponding 
analog signal. The analog correction signal crt is then 
used to introduce an opposed offset into the flash ADC 
115, so as to compensate the effects of its offset error 
(at least partially). 

[0027] Particularly, the maximum offset error that can 
be compensated is determined by the absolute value of 
the weights that the servo-DAC 220 assigns to the bits 
of the digital correction signal crt. These weights are se- 
lected according to the characteristics of the flash ADC 
1 1 5. Empirical considerations suggest to set the dynam- 
ic range of the analog correction signal crt to a value 
proportional to the dynamic range of the analog residue 
E 2 (z). 

[0028] In detail, if Vfs Is the full-scale value of the flash 



ADC 115, the maximum dynamic range of the analog 
shaped signal V^z) is from -Vfs to +Vfs; therefore, the 
quantization step of the flash ADC 115 (at 16 levels) will 
be LSB=2Vfs/1 6. The dynamic range of the analog res- 

5 idue E 2 (z) is from -LSB/2 to +LSB/2, that is from -Vfs/ 
1 6 to +Vfs/1 6. For example, let us assume that we de- 
sire to compensate a maximum offset error equal to the 
dynamic range of the quantization error. In the flash 
ADC 115 at issue (wherein the analog correction signal 

10 crt has a resolution of 5 bits, that is from -1 5 to +1 5), the 
weight of the least significant bit of the servo-DAC 220 
should be Vfs/(16*15). 

[0029] However, the concepts of the present invention 
are also applicable when the converter includes another 

is number of stages, when each stage is of a different type, 
or when the digital signals output by the stages are com- 
bined in another way. Similar considerations apply if the 
converter, the stages and the corresponding flash ADCs 
have different resolutions, if the flash ADC is replaced 

20 with an equivalent parallel quantizer, if the weight of the 
bits of the servo-DAC is different, and the like. Alterna- 
tively, the correction of the offset error is applied to a 
different number of stages of the converter (even to ail 
of them, with the exception of the last stage). 

25 [0030] Moving now to Rgure 3, the logic module 21 0 
includes a digital (or sine) filter 31 0 receiving the digital 
output signal Y 0 (z) from the pipeline stage. The sine filter 
31 0 calculates the mean value of a number of samples 
of the digital output signal Y 0 (z), as defined by a deci- 

30 mation parameter (for example, 1 28). The result of this 
operation consists of a digital signal that is proportional 
to a residual error caused by the offset (of the flash ADC 
in the sigma-delta converter) still to be corrected; the 
digital residual error has a high resolution equal to the 

35 one of the whole pipeline stage (i.e., 9 bits). A quantizer 
320 discards the least significant bits of the digital resid- 
ual error, so as to reduce its resolution to the desired 
value (5 bits in the example at issue). 
[0031] The resulting digital signal is provided to an in- 

40 tegrator, which calculates the digital correction signal 
crt. In detail, a delay block (Z~ 1 ) 330 (implemented with 
a bank of flip-flops) accumulates the digital correction 
signal crt. An adder 340 sums the digital residual error 
to the (previous) digital correction signal crt, which is 

45 provided by the delay block 330 with a feedback loop. 
The resulting (current) digital correction signal crt is then 
latched by the delay block 330. In this way, the digital 
correction signal crt converges towards the digital rep- 
resentation of the analog offset ofs (until the digital re- 

so sidual error falls below a threshold value). 

[0032] The decimation parameter of the sine filter 31 0 
defines the precision and the convergence speed of the 
process. High values of the decimation parameter in- 
crease the number of samples taken into consideration 

55 at every estimation step, and then also the precision of 
the sine filter 31 0; however, this slows down the conver- 
gence speed of the process (since the digital correction 
signal crt is updated with a lower frequency). Converse- 
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ty, low values of the decimation parameter increase the 
convergence speed of the process, but reduce its pre- 
cision. 

[0033] However, the concepts of the present invention 
are also applicable when the logic module has another 
structure or includes equivalent components; similar 
considerations appty if the decimation parameter of the 
sine fitter has a different value, if the digital signals have 
another resolution, and the like. 
[0034] A circuit scheme of the flash ADC 115 (in the 
sigma-delta stage) is illustrated in Figure 4; the flash 
ADC 1 15 is based on a switched-capacitor architecture, 
which is modified to implement a compensation of its 
offset error. The flash ADC 1 1 5 receives an input voltage 
Vin, representing the analog signal V 2 (z), and outputs 4 
bits b 3 b 2 b 1 b 0 , representing the digital signal Y 2 (z). The 
input voltage Vin is simultaneously compared with mul- 
tiple threshold voltages Vth, each one identifying an up- 
per limit of a corresponding level of the input voltage to 
be discriminated (16 in the example at issue); typically, 
the threshold voltages Vth are generated by means of 
a resistive ladder (not shown in the figure). 
[0035] In order to perform the above-mentioned com- 
parisons, the flash ADC 115 includes an even number 
of comparators 41 0 (only one shown in the figure), which 
comparators operate in parallel. Each comparator 410 
is actuated by a latching signal O,. The comparator 41 0 
has a non-inverting input terminal (+), which is connect- 
ed to a ground terminal through an electronic switch 420i 
(for example, implemented with a MOS transistor); the 
switch 420i is controlled by a pre-charging signal Op. 
Likewise, an inverting input terminal (-) of the compara- 
tor 410 is connected to the ground terminal through a 
switch 420t, which is controlled by the same pre-charg- 
ing signal <D p . 

[0036] The non-inverting terminal of the comparator 
41 0 is further connected to a first terminal of a capacitor 
430L A pre-charging voltage Vp (corresponding to the 
analog correction signal crt) is applied to a second ter- 
minal of the capacitor 430i through a switch 440i; alter- 
natively, the second terminal of the capacitor 430i re- 
ceives the input voltage Vin through a further switch 
450L The switch 440i is controlled by the pre-charging 
signal O p , whereas the switch 450i is controlled by a 
sampling signal O s . On the other hand, the inverting ter- 
minal of the comparator 410 is further connected to a 
first terminal of a capacitor 4301 A second terminal of 
the capacitor 430t is connected to the ground terminal 
through a switch 440t or receives the threshold voltage 
Vth through a switch 450t; the switch 440t is controlled 
by the pre-charging signal O p , whereas the switch 450t 
is controlled by the sampling signal O s . 
[0037] The signals output by all the comparators 410 
are supplied to a decoder 460. The decoder 460 delivers 
the bits b^b^Q, which uniquely identify the level of the 
input voltage Vin (according to the results of the com- 
parisons performed by the comparators 410). A phase 
generator circuit 470 provides the signals O,, O p , O s con- 



trolling operation of the flash ADC 115. 
[0038] During every period of a clock signal (which 
synchronizes the whole convert), the pre-charging sig- 
nal O p is at first asserted (with all the other signals O s 

5 and i| that are deasserted). In this way, the switches 
420i,440i and 420t,440t are closed (while the switches 
450i and 450t are open); as a consequence, the capac- 
itor 430i is pre-charged to the voltage Vp and the capac- 
itor 430t is discharged to ground. The pre-charging sig- 

io nal O p is kept asserted for a time interval (slightly shorter 
than half a period of the clock signal) ensuring the cor- 
rect reset of the capacitors 430i,430t. The pre-charging 
signal O p is then deasserted (opening the switches 420i, 
440i and 420t,440t), and the sampling signal o 5 is as- 
serted after a short delay (so that the two signals are 
disoveriapped). In this way, the switches 450i and 450t 
are closed; as a consequence, the capacitor 430i is 
charged to the input voltage Vin plus the pre-charging 
voltage Vp and the capacitor 430t is charged to the 

20 threshold voltage Vth. The sampling signal O s is then 
deasserted (opening the switches 450i and 450t), and 
the latching signal O, is in turn asserted. 
[0039] The latching signal O, consists of a short pulse, 
which actuates the comparison of the voltages at the 

25 non-inverting terminal and at the inverting terminal of 
the comparator 41 0. Particularly, the non-inverting ter- 
minal receives the voltage on the capacitor 430i 
(Vin+Vp), whereas the inverting terminal receives the 
voltage on the capacitor 430t (Vth). Therefore, the signal 

30 output by each comparator 41 0 of the flash ADC 1 1 5 is 
asserted only when the input voltage Vin (with the addi- 
tion of the pre-charging voltage Vp) exceeds the corre- 
sponding threshold voltage Vth. The decoder 460 then 
generates the bits b 3 b 2 b 1 b 0 accordingly, 

35 [0040] The circuit described-above introduces an off- 
set opposed to the one generated by the comparator 
410 internally (for example, due to the mismatching of 
the resistors forming the ladder). In this way, the effects 
of the offset error in the flash ADC 1 1 5 are substantially 

40 suppressed (within the limits of the desired precision). 
[0041 ] However, the concepts of the present invention 
are also applicable when the flash converter includes 
equivalent components, or when different signals are 
used to control its operation. Similar considerations ap- 

45 pry if the capacitors are pre-charged with another pro- 
cedure, or if the pre-charging is applied to the capacitors 
associated with the threshold voltages (instead of the 
ones associated with the input voltage). Alternatively, 
the flash converter has another architecture or includes 

50 a different number of capacitors (down to a single one 
for sampling and holding the input voltage). 
[0042] More generally, the present invention propos- 
es an analog-to-digital converter. The converter in- 
cludes one or more stages for converting an analog in- 

55 put signal into a digital output signal; for this purpose, 
each stage uses a parallel quantizer that compares the 
analog input signal with a plurality of threshold values 
in parallel. The converter of the invention further in- 
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eludes, for one or more selected stages, means for es- 
timating an analog correction signal indicative of the 
mean value of a quantization error of the selected stage; 
means are then provided for at least partially compen- 
sating an offset error of the parallel quantizer in the se- 
lected stage according to the analog correction signal. 
[0043] The solution of the invention substantially re- 
duces the effects of the offset errors introduced by the 
parallel quantizers. 

[0044] The algorithm implemented by the proposed 
structure is self-adaptive, and allows correcting the off- 
set error with the desired precision in a very simple man- 
ner. 

[0045] This result is achieved in the background, with- 
out interfering with operation of the converter. 
[0046] The preferred embodiment of the invention de- 
scribed above offers further advantages. 
[0047] Particularly, the proposed solution is imple- 
mented in a converter with a multistage architecture. 
[0048] In this case, the analog residue required to es- 
timate the analog correction signal is already available 
in the converter (being used to generate the analog input 
signal for the next stage); therefore, the algorithm of the 
invention can be implemented with the addition of a few 
circuit elements. The devised solution avoids reducing 
the dynamic range of the analog signal that is input to 
the next stages (as done in the prior art to prevent an 
overflow in the corresponding quantizers); this results 
in an increased resolution of the converter. The above- 
mentioned advantages are clearly perceived in applica- 
tions working with wide-band signals and requiring high 
resolutions (for example, when the converter has a 
MASH architecture); however, different applications of 
the invention are contemplated (such as in a pipeline 
converter). 

[0049] Preferably, the algorithm of the invention at first 
calculates a digital correction signal from the digital rep- 
resentation of the analog residue passed to the next 
stages; the digital correction signal is then converted in- 
to a corresponding analog signal. 
[0050] The proposed solution operates in the digital 
domain; therefore, it does not adversely affect the sta- 
bility of the whole converter. 

[0051] However, the use of the proposed algorithm in 
a converter with a single stage is not excluded (even if 
it is far less advantageous and requires more dedicated 
circuit elements). Moreover, the algorithm is also suita- 
ble to be implemented in the analog domain; for exam- 
ple, a copy of the analog residue is filtered so as to ex- 
tract its direct component (representing the offset error). 
[0052] A suggested choice for calculating the digital 
correction signal is to use the whole digital signal result- 
ing from the conversions performed by multiple stages 
following the selected stage. 

[0053] In this way, the mean value of the analog res- 
idue can be estimated with a very high accuracy. 
[0054] Preferably, each stage following the selected 
one has a resolution lower than the one of the selected 



stage. 

[0055] As a consequence, the offset error introduced 
by these stages is negligible (being virtually zero when 
their resolution is equal to 1 bit). Therefore, the offset 

5 errors of the stages following the selected one do not 
substantially affect the digital residue, and then the es- 
timation of the analog correction signal. 
[0056] As a further improvement, the resolution of the 
digital correction signal is reduced (before its conversion 

io into the corresponding analog signal). 

[0057] This additional feature avoids the need of us- 
ing a servo-DAC very accurate and expensive. Moreo- 
ver, it increases the stability of the whole converter. The 
corresponding loss of resolution does not substantially 

15 affect the effectiveness of the algorithm; in fact, the so- 
lution of the invention does not require a very high ac- 
curacy (being enough to ensure that the analog correc- 
tion signal avoids the overflow of the next stages). 
[0058] Alternatively, the digital correction signal is cal- 

20 culated only from the digital signal output by the stage 
directly following the selected one (thereby reducing the 
resolution of the digital correction signal but avoiding the 
addition of the offset errors of the other next stages); 
moreover, the solution of the present invention leads it- 

25 self to be implemented even with a different resolution 
of the stages following the selected one, or without re- 
ducing the resolution of the digital correction signal. 
[0059] Advantageously, the analog correction signal 
has a dynamic range proportional to the one of the cor- 

30 responding quantization error. 

[0060] This choice facilitates the appropriate selec- 
tion of the maximum offset error that can be compen- 
sated. 

[0061] A suggested choice for calculating the digital 
35 correction signal is to use a sine filter followed by an 
integrator. 

[0062] The proposed structure ensures the conver- 
gence of the algorithm; moreover, the decimation pa- 
rameter of the sine filter makes it possible to control ef- 
40 ther the precision or the convergence speed of the proc- 
ess. 

[0063] Without detracting from the general applicabil- 
ity of the invention, the offset error is compensated pre- 
charging at least one capacitor (providing one of the in- 
45 put voltages for each comparator In the flash ADC). 
[0064] This solution is very simple, but at the same 
time effective. 

[0065] However, the devised algorithm is also suitable 
to be implemented setting the dynamic range of the an- 
50 alog correction signal in a different manner, calculating 
the digital correction signal with alternative circuit solu- 
tions, or even compensating the offset error in another 
way or position. 

[0066] Naturally, in order to satisfy local and specific 
55 requirements, a person skilled in the art may apply to 
the solution described above many modifications and 
alterations all of which, however, are included within the 
scope of protection of the invention as defined by the 



6 



11 



EP1450 490A1 



12 



following claims. 



Claims 

1. An analog-to-digital converter (200) including at 
least one stage (1 05) for converting an analog input 
signal into a digital output signal using a parallel 
quantizer (115) comparing the analog input signal 
with a plurality of threshold values in parallel, 

characterised In that 
the converter further includes, for at least one se- 
lected stage (105), means (210,220) for estimating 
an analog correction signal indicative of the mean 
value of a quantization error of the selected stage, 
and means (440i) for at least partially compensating 
an offset error of the parallel quantizer (1 1 5) in the 
selected stage according to the analog correction 
signal. 

2. The converter (200) according to claim 1 , wherein 
the converter includes at least one further stage 
(1 1 0), the stages (1 05, 1 1 0) being cascade-connect- 
ed in a sequence, and wherein each stage different 
from a last stage in the sequence (110) includes 
means (1 20, 1 40) for determining an analog residue 
indicative of the corresponding quantization error 
and means (145) for generating the analog input 
signal for a next stage in the sequence according 
to the analog residue. 

3. The converter (200) according to claim 2, wherein 
the means for estimating (21 0,220) includes means 
(21 0) for calculating a digital correction signal indic- 
ative of the mean value of a digital residue consist- 
ing of a digital representation of the analog residue 
provided by the digital output signal of at least one 
stage (1 1 0) following the selected stage (1 05) in the 
sequence, and means (220) for converting the dig- 
ital correction signal into the analog correction sig- 
nal. 

4. The converter (200) according to claim 3, wherein 
the at least one stage following the selected stage 
(1 05) consists of a plurality of stages (1 47), the con- 
verter further including means (148) for combining 
the digital output signals of the stages following the 
selected stage into the digital residue. 

5. The converter (200) according to daim 3 or 4, 
wherein each stage (147) following the selected 
stage (105) has a resolution lower than the resolu- 
tion of the selected stage. 

6. The converter (200) according to any claim from 3 
to 5, further including means (320) for reducing the 
resolution of the digital correction signal to a prede- 
fined value. 



7. The converter (200) according to any claim from 3 
to 6, wherein the analog correction signal has a dy- 
namic range proportional to the dynamic range of 
the corresponding quantization error according to a 

5 predefined factor. 

8. The converter (200) according to any claim from 3 
to 7, wherein the means (210) for calculating the 
digital correction signal includes a digital filter (31 0) 

10 for providing a digital residual error indicative of the 
mean value of a predefined number of samples of 
the digital residue and an integrator (330,340) for 
converging towards the digital correction signal ac- 
cording to the digital residual error. 

15 

9. The converter (200) according to any daim from 1 
to 8, wherein the quantizer (115) in the selected 
stage (105) includes a plurality of comparators 
(410) each one for comparing a first voltage corre- 

20 sponding to the analog input signal with a second 
voltage corresponding to a respetive threshold val- 
ue, and at least one capacitor (430i) for sampling 
the first voltage or the second voltage, the means 
for compensating including means (440i) for charg- 
es ing the at least one capacitor to a voltage corre- 
sponding to the analog correction signal. 

10. An analog-to-digital conversion method induding 
the steps of: 

30 

at least one stage induded in an analog-to-dig- 
ital converter converting an analog input signal 
into a digital output signal using a parallel quan- 
tizer comparing the analog input signal with a 
35 plurality of threshold values in parallel, 

characterised In that 

the method further includes, for at least one select- 
ed stage, the steps of: 

AO 

estimating an analog correction signal indica- 
tive of the mean value of a quantization error of 
the selected stage, and 
at least partially compensating an offset error 
45 of the parallel quantizer in the selected stage 

according to the analog correction signal. 
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